The impact of geography on incidence of clinical episodes of malaria was investigated in a cohort of children enrolled in a longitudinal clinical trial of antimalarial therapy in Kampala, Uganda. Participant households and the boundaries of local swamps and streams were mapped and incidence of clinical malaria episodes was measured prospectively using passive surveillance during one year of follow-up. Of 316 cohort participants, 305 from 219 households were followed for at least six weeks and were included in the analysis. Incidence of clinical malaria was highly variable, with no episodes occurring in 131 participants, and 367 new episodes of malaria diagnosed in the remaining 174 children. A gradient in incidence of clinical episodes of malaria was observed with distance of residence from a swamp (0.41 episodes per person year for residence >100 meters from a swamp increasing to 2.22 episodes per person year for residence within a swamp), or a stream (0.61 episodes per person year for residence Ն500 meters from a stream versus 1.76 episodes per person year for residence <500 meters from a stream). Multivariate analysis showed that distances of residence from a swamp or from a stream were independent predictors of malaria incidence, controlling for age, use of preventative measures, and primary source of water. Distance from a swamp was the strongest predictor, with an incidence rate ratio of 4.3 (95% confidence interval ‫ס‬ 2.6-6.9, P < 0.001) between residence within a swamp and >100 meters from a swamp. In this urban setting, incidence of clinical episodes of malaria was strongly associated with proximity of residence to potential mosquito breeding sites.
Control of malaria in Africa presents a significant challenge. 1 Targeting existing methods for malaria control to populations at greatest risk could increase the effectiveness of interventions. 2 Urbanization is occurring rapidly in subSaharan Africa and may have a significant impact on the epidemiology of malaria. 3 Although malaria transmission is lower in urban than in rural areas of Africa, transmission and parasite prevalence may be heterogenous within densely populated areas, clustering near mosquito breeding sites. 3−5 Risk of malaria, as measured by parasite prevalence, estimated annual malaria incidence, and risk of clinical illness, has been shown to increase with mosquito exposure; 4−6 however, some data suggest that parasite prevalence 7 and clinical illness 8 are less common in more exposed children, possibly due to increased acquired immunity. Global positioning system (GPS) and geographic information system (GIS) technology coupled with clinical data can be used to identify geographic areas at greatest malaria risk. 2 In this study, GPS and GIS were used to map the location of households in a cohort of Ugandan children followed prospectively for one year, allowing us to examine the relationship between location of residence and incidence of clinical episodes of malaria in an urban area.
This study was part of a longitudinal randomized trial that has been described elsewhere. 9 Briefly, community-based, convenience sampling was used to identify interested parents or guardians of healthy children between the ages of 6 and 59 months residing in the Kawempe division of Kampala, Uganda. Kawempe has an estimated population of 153,900 and covers an area of approximately 3,245 hectares (Kampala City Council, 1998, unpublished data). Although recent entomologic data are lacking, malaria is considered meso-endemic in Kampala (parasite rate ‫ס‬ 25%, spleen rate ‫ס‬ 25% in children 2−9 years of age) with peaks associated with the two rainy seasons (Ugandan Ministry of Health, unpublished data). Primary caregivers of participants were interviewed after enrollment and information was collected on malariarelated knowledge, attitudes, and practices, household demographics, measures of socioeconomic status, and household and environmental characteristics. 10 The study was reviewed and approved by the Uganda National Council of Science and Technology, and the Institutional Review Boards of the University of California, San Francisco and Makerere University, Kampala.
At the time of enrollment, participants were randomized to receive one of three treatments (sulfadoxine-pyrimethamine [SP], SP plus amodiaquine, or SP plus artesunate) for each episode of uncomplicated malaria diagnosed during the oneyear follow-up period. 9 Participants were instructed to seek all medical care at the clinic, and each time they presented with a temperature Ն38.0°C tympanic or history of fever during the previous 48 hours a thick blood smear was prepared and evaluated for malaria parasites. Criteria used to diagnose malaria are described elsewhere. 9 For all recurrent episodes of malaria, genotyping was done to distinguish recrudescence (treatment failure) from new infections as previously described. 9 In this study, a new episode was defined as a first episode of malaria or a subsequent episode fulfilling our criteria for new infections based on genotyping results. Time at risk was defined as the longest duration lived at any one household within Kawempe. A participant's time at risk was corrected if they moved residence within or out of Kawempe, and for first-and second-line antimalarial treatments received. The 14 days following each treatment of malaria were not considered time at risk because new infections were unlikely during this period.
Participant household locations were mapped using a handheld GPS receiver (eTrex Legend; Garmin, Olathe, KS), with an accuracy goal of <15 m (Figure 1 ). If participants lived in the same house, or in immediately adjacent houses, one read-ing was taken. Similar readings were taken for the boundaries of the division and local swamps and streams. A swamp was defined as a low-lying area with frequent standing water, particularly in times of steady rainfall. Distances of households to swamps and streams within Kawempe were calculated using ARC/INFO GIS software (Version 7; Environmental Systems Research Institute, Redlands, CA).
Malaria incidence density was defined as the number of new episodes of malaria per time at risk. Independent predictors of malaria incidence density were identified using a multivariate negative binomial regression model, controlling for clustering of clinical episodes of malaria for participants living in the same household and other risk factors previously identified including age, primary source of water, and use of malaria preventative measures. 10 Statistical analysis was performed using STATA statistical software (Stata Corporation, College Station, TX).
Of the 316 subjects enrolled in the primary study, 305 from 219 households completed at least six weeks of follow-up, and were included in the analysis. The follow-up period covered approximately the same calendar year for all subjects. The cumulative period of observation in the primary cohort covered 93% of potential follow-up time, and 282 subjects (89%) completed the full one-year of follow-up. Parasite prevalence at the time of enrollment was 17%, supporting the classification of Kampala as a mesoendemic area. 11 Incidence of clinical episodes of malaria varied greatly, with 367 new malaria episodes diagnosed in 174 (57%) children (incidence range ‫ס‬ 1−14 episodes per person year). Malaria was not diagnosed in the remaining 131 (43%) children. Univariate analyses showed that distance of residence from a swamp was associated with a gradient in incidence of clinical episodes of malaria, increasing from 0.41 (residence >100 meters from a swamp) to 2.22 (residence within a swamp) ( Table 1) . Residence near a stream also impacted on incidence of clinical malaria episodes, with a decrease in incidence density observed with residence Ն500 meters compared with residence <500 meters from a stream ( Table 1 ). Multivariate analysis, controlling for other previously identified risk factors, showed that distance of residence from a swamp and from a stream were independent predictors of incidence of clinical episodes of malaria; distance from a swamp was the stronger predictor ( Table 2) .
In this study, we prospectively measured the association between proximity of residence to vector breeding sites and episodes of clinical malaria over an extended risk period, controlling for other potential risk factors. In this urban cohort, residence near potential mosquito breeding sites was associated with an increased risk of clinical malaria episodes. Distance of a household from a swamp appeared to be a more important factor than distance from a stream. Significant variation in the incidence of clinical episodes of malaria was observed over small distances. Our results support previous studies conducted in urban and peri-urban areas of Africa suggesting that malaria risk is heterogeneous over small geographic areas and is highest near mosquito breeding sites. 4−6 In a rural area of The Gambia, children who lived near mosquito breeding sites had a higher parasite prevalence, but lower likelihood of clinical illness upon infection, compared with children who lived farther from breeding sites; this is likely due to greater antimalarial immunity. 8 At the lower levels of transmission typically seen in urban environments, the relative importance of immunity in affording protection against clinical illness may be less than in rural areas. 3 Our data and other studies suggest that reducing exposure in urban settings significantly reduces the risk of clinical illness. 5, 6 With the spread of antimalarial drug resistance, control of malaria in Africa can no longer rely solely on chemotherapy and effective case management. An integrated approach, in- cluding vector control strategies, will be necessary to reduce malaria-associated morbidity and mortality. 12 Urban areas, with dense population and easily located mosquito breeding sites, may be prime targets for antimalarial control activities. 3 Identifying areas at highest malaria risk may allow for more efficient targeting of vector control methods, including use of insecticide treated nets, house spraying, larvicide application, and elimination of breeding sites. 
